The present study demonstrates that the subcutaneous administration of Neospora caninum dense granule protein 7 (NcGRA7) entrapped in liposomes coated with mannotriose strongly induces the parasite-specific T-helper type 1 immune response and humoral antibody in mice. Although anti-NcGRA7 immunoglobulin G1 antibody production was induced in mice injected with NcGRA7 alone, the dams and offspring were never protected from N. caninum infection. The immunization of mice with liposome-entrapped NcGRA7 before pregnancy resulted in increased offspring survival and decreased the infection rates in the brains of dams after parasite infection at 6 to 9 days of gestation. In conclusion, oligomannose-coated liposome-entrapped NcGRA7 can be used as a new type of effective vaccine to control neosporosis.
Neosporosis, caused by an apicomplexan protozoan parasite, Neospora caninum, is a cause of infectious abortion and congenital disease in cattle worldwide (11) . Transplacental transmission is the major route of N. caninum infection (7, 39) , and the parasite persists in the herd over successive generations, causing significant economic losses due to abortion, decreased milk production, and the resultant culling (6, 10, 21, 46, 47) . Horizontal transmission of N. caninum by oocysts that are shed by dogs has also been documented in cattle, but this transmission is not considered a major route of infection (7) .
Various mouse models have been utilized to understand the host protective immune responses to N. caninum infection. A Th1-type immune response appears to be important in protection against N. caninum infection (2, 34) . Gamma interferon (IFN-␥) and interleukin-12 (IL-12), known to be crucial cytokines for the development of Th1-type immunity, are important for protective immunity against acute N. caninum infection (2) . Furthermore, CD4
ϩ T-cell-depleted BALB/c mice were more highly susceptible to parasite infection than were CD8 ϩ T-cell-depleted mice (34, 45) . Studies of IFN-␥ knockout mice indicated the importance of macrophage activation by IFN-␥ for protective immunity (34) . On the other hand, a Th2-type immune response with predominant production of humoral antibody specific for the parasite antigens is also capable of mediating protection against neosporosis (17, 18, 30, 38, 40) . These observations suggest that a suitable balance in the production of Th1-and Th2-type cytokines has a crucial role in the control of N. caninum infection (33) .
Oligomannose-coated liposomes have been shown to be a safe adjuvant to induce Th1-type immunity because no skin damage by the liposomes is caused at the injection site (16) . A previous study showed that liposomes coated with a neoglycolopid consisting of mannotriose and dipalmitoylphosphatidylethanolamine (Man3-DPPE) were specifically and rapidly incorporated into intraperitoneal macrophages when injected into the peritoneal cavity and that the liposome-incorporating macrophages smoothly accumulated in nearby lymphoid tissue (23) . The effect of Man3-coated liposome as an effective adjuvant has been confirmed with Leishmania major infection (41) and with tumors (23, 25) . Administration of soluble leishmanial antigens entrapped within the Man3-coated liposomes to BALB/c mice strongly induced the antigen-specific Th1 immune response, as evidenced by a higher level of IFN-␥ production and a lower level of IL-4 production than those in mice receiving the antigens alone (41) .
There is accumulating evidence that some N. caninum-infected cows develop a degree of protective immunity against abortion and/or congenital transmission, indicating the advantage of vaccine development (31) . Although the prevention of abortion might be a realistic goal for a vaccine, the ultimate objective for the control of neosporosis must be to prevent the vertical transmission of the parasite. Evidence has shown that cattle which abort due to neosporosis have higher levels of N. caninum-specific antibody than do infected but nonaborting cattle (9) . In addition, our previous study showed that a higher level of bovine antibody specific for N. caninum dense granule protein 7 (NcGRA7) was detected in aborting than in nonaborting cows and heifers, while levels of specific antibodies against parasite surface proteins NcSAG1 and NcSRS2 exhibited no significant difference between the aborting and non-aborting cows (22) . To control N. caninum infection, a suitable balance of Th1-and Th2-type immune responses is important (33) . We speculated that an NcGRA7-specific Th2-type immune response might be predominant in aborting cows. Therefore, induction of the NcGRA7-specific Th1-type immune response could play a crucial role in the control of N. caninum infection, since antibodies against the parasites did not prevent vertical transmission (32) . Thus, the present study was conducted to evaluate the vaccine efficacy of oligomannose-coated liposome-entrapped NcGRA7 on N. caninum infection in dams and offspring, using a BALB/c mouse model. Our results suggest that the Th1-type immune response against NcGRA7 plays a crucial role in the control of N. caninum infection.
MATERIALS AND METHODS
Cultures and purification of parasites. Neospora caninum tachyzoites of the Nc-1 isolate (12) were maintained in monkey kidney adherent fibroblasts (Vero cells) cultured in Eagle's minimum essential medium (Sigma, St. Louis, MO) supplemented with 8% heat-inactivated fetal bovine serum. For the purification of tachyzoites, the parasites and host cell debris were washed in cold phosphatebuffered saline (PBS), and the final pellet was resuspended in cold PBS and then passed through a 27-gauge needle and a 5.0-m-pore-size filter (Millipore, Bedford, MA).
Preparation of recombinant proteins. The cDNAs of the coding region of NcGRA7 mRNA were obtained by reverse transcription-PCR amplification using specifically designed primer pairs, with the extracted RNA as the template. The truncated NcGRA7 (NcGRA7t) gene (26) , without the sequence encoding a hydrophobic signal peptide (amino acids 1 to 25), was amplified from the cDNA by a PCR using the oligonucleotide primers 5Ј-ACG AAT TCC GCT GGA GAC TTG GCA-3Ј and 5Ј-ACG AAT TCC TAT TCG GTG TCT ACT TCC-3Ј, which contain an EcoRI cleavage site. The PCR product was digested with EcoRI and cloned into an EcoRI site of the bacterial expression vector pGEX-4T-3 (Amersham Biosciences, Piscataway, NJ). The recombinant protein of NcGRA7t was expressed in Escherichia coli as a glutathione S-transferase (GST) fusion protein (NcGRA7t-GST) and then purified using glutathione Sepharose 4B beads (Amersham Pharmacia Biotech, Uppsala, Sweden) as described previously (19) . Furthermore, endotoxins were removed from the purified protein fraction by using Detoxi-Gel endotoxin removal gel (Pierce, Rockford, IL).
Preparation of liposomes. Liposomes were prepared as described previously (41) . Briefly, a chloroform-methanol (2:1 [vol/vol]) solution containing 1.5 mol of DPPE and 1.5 mol of cholesterol was placed in a conical flask and then dried by rotary evaporation. Subsequently, 2 ml of chloroform containing 0.15 mol of Man3-DPPE was added to the flask and evaporated to prepare a lipid film containing the neoglycolipid. Two hundred microliters of PBS containing the indicated recombinant protein (500 g/ml) was added to the dried lipid film, and multilamellar vesicles were prepared by intense vortex dispersion. The multilamellar vesicles were extruded 10 times through a 1-m-pore-size polycarbonate membrane (Nuclepore, Pleasanton, CA). Liposomes entrapping the recombinant protein were separated from free recombinant protein by three successive rounds of washing in PBS with centrifugation (20,000 ϫ g, 30 min) at 4°C. The amount of entrapped antigen was measured using a modified Lowry protein assay reagent (Pierce) in the presence of 0.3% (wt/vol) sodium dodecyl sulfate, using bovine serum albumin as the standard.
Immunization and infection. BALB/c mice of 6 to 7 weeks of age were purchased from Clea Japan (Tokyo, Japan). Until their use at 7 to 8 weeks of age, mice were housed under specific-pathogen-free conditions in the animal facility of the National Research Center for Protozoan Diseases at Obihiro University of Agriculture and Veterinary Medicine, Obihiro, Japan. All mice used in the present study were treated under the guiding principles for the care and use of research animals promulgated by Obihiro University of Agriculture and Veterinary Medicine. Female mice were inoculated subcutaneously with 40 nmol NcGRA7t-GST entrapped within Man3-coated liposomes (M3-NcGRA7), 40 nmol GST entrapped within Man3-coated liposomes (M3-GST), 40 nmol NcGRA7t-GST in PBS (NcGRA7), or PBS alone (100 l each). Booster immunizations were administered 7 and 14 days after the first immunization. Seven days after the third immunization, the female mice were housed with male mice for 3 days (one female with one male per cage) and inspected twice daily for the presence of vaginal plugs. The first day on which a plug was noted was designated day 0 of pregnancy for each individual. All pregnant dams were challenged on the same day with 1 ϫ 10 5 Nc-1 tachyzoites of N. caninum at 6 to 9 days of gestation. Numbers and survival rates of the offspring were measured for 30 days after birth. Sera (20 l) were obtained via the tail vein from mice 7, 14, and 21 days after the immunization for measurements of N. caninum-specific antibodies by enzyme-linked immunosorbent assay (ELISA). To confirm the lack of an antibody response in unvaccinated and uninfected mice, control sera were taken from all animals on day 0, before the immunization.
DNA isolation and PCR analysis. For DNA preparation, the brain of each dam was thawed in 10 times its volume of DNA extraction buffer (0.1 M TrisHCl, pH 9.0, 1% sodium dodecyl sulfate, 0.1 M NaCl, and 1 mM EDTA) with 1 mg/ml of proteinase K at 55°C. The DNA was purified by phenol-chloroform extraction and subsequent ethanol precipitation. The DNA concentration was adjusted to 100 g/ml for each brain, and the DNA was used as a template DNA for PCR analysis. The template DNA (2.5 l) was suspended in 10 l of the final reaction mixture, containing 1 l of a 10ϫ PCR buffer with 15 mM MgCl 2 (Perkin Elmer, Waltham, MA), 1 l of 10 mM deoxynucleoside triphosphate mix (Invitrogen, Carlsbad, CA), 0.1 l of 5-U/l Ampli GoldTaq DNA polymerase (Perkin Elmer), and 2 l of 10-pmol/l N. caninum-specific primers Np6 and Np21 (29) . PCR amplification was conducted in a GeneAmp PCR 2400 thermal cycler (Perkin Elmer), employing 40 cycles of denaturation (94°C, 1 min), annealing (63°C, 1 min), and primer extension (74°C, 3.5 min). At the end of the reaction cycles, primer extension was continued for 10 min at 74°C, and products were then kept at 4°C. The PCR products were visualized by electrophoresis of agarose gels. To confirm the specificity of PCR, DNAs from the brain of an uninfected mouse and from purified N. caninum tachyzoites were used as negative and positive controls, respectively.
Measurement of N. caninum-specific antibodies. N. caninum-specific immunoglobulin G (IgG) levels were measured in mouse sera by ELISA. A total lysate antigen of N. caninum tachyzoites (NLA), prepared as previously reported (27) , was adjusted to a concentration of 5 g/ml with a carbonate-bicarbonate buffer (pH 9.6), and 50 l of the NLA solution was used to coat the ELISA plates (Nunc, Roskilde, Denmark) overnight at 4°C. After being blocked with PBS containing 3% skim milk (PBS-SM) for 1 h at 37°C, the plates were washed twice with PBS containing 0.05% Tween 20 (PBS-T), and 100 l of the serum samples, diluted 1:100 with PBS-SM, was added to duplicate wells. Plates were incubated at 37°C for 1 h. After being washed five times with PBS-T, the plates were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG1 and IgG2a (Bethyl Laboratories, Montgomery, TX) diluted 1:4,000 with PBS-SM at 37°C for 1 h. The plates were washed five times, and then a substrate solution (0.1 M citric acid, 0.2 M sodium phosphate, 0.003% H 2 O 2 , and 0.3 mg/ml 2,2Ј-azidebis [3-ethylbenzthiazoline-6-sulfonic acid]; Sigma) was added to each well in 100-l aliquots. The absorbance at 415 nm was read after 1 h of incubation at room temperature by using an ELISA reader (Corona MTP-120 microplate reader; Corona, Tokyo, Japan). The ELISA result was determined by measuring the mean optical density at a wavelength of 415 nm. To confirm the specificity of ELISA, sera from uninfected and N. caninum-infected mice were used as negative and positive controls, respectively.
In vitro stimulation of spleen cells. A single-cell suspension was prepared from a spleen and hemolysed in a lysing buffer (0.83% NH 4 Cl and 0.01 M Tris-HCl, pH 7.2). After being washed with PBS, the cells were plated into 96-well microplates at 3 ϫ 10 5 /200 l/well in RPMI 1640 medium (Sigma) supplemented with 5% fetal bovine serum. The cells were stimulated by adding 10 g/ml of purified NcGRA7t-GST or 50 g/ml of NLA. As a control heterogeneous protein, 10 g/ml of purified recombinant N. caninum apical membrane antigen 1 (NcAMA1) fused with GST (49) was also used. After incubation for 48 h at 37°C, the supernatants of cultures were collected and assayed for cytokines. The levels of IFN-␥ and IL-4 were quantified using commercial ELISA kits (Pierce). To confirm the specificity of ELISA, culture medium and recombinant cytokines were used as negative and positive controls, respectively.
RESULTS
Measurement of N. caninum-specific antibody production in immunized dams. To investigate the effects of Man3-coated liposome on N. caninum-specific antibody production, ELISA using NLA was carried out (Fig. 1 ). Mice immunized with NcGRA7 alone immediately produced parasite-specific IgG1 antibody after the second immunization. The parasite-specific IgG1 antibody was detected in mice immunized with M3-NcGRA7 only after the third immunization. Twenty-one days VOL. 16, 2009 VACCINE EFFECTS OF OLIGOMANNOSE-COATED LIPOSOME 793
on September 6, 2017 by guest http://cvi.asm.org/ after the first immunization, the level of the parasite-specific IgG2a antibody was higher in mice immunized with M3-NcGRA7 than in mice immunized with NcGRA7 alone, while similar levels of the parasite-specific IgG1 antibody were detected in those two groups. Production of parasite-specific antibody was not observed in the groups receiving PBS and M3-GST immunization. These results suggested that immunization with M3-NcGRA7 induced both Th1 and Th2 immune responses against N. caninum, while NcGRA7 immunization showed a predominantly Th2 immune response. N. caninum-specific cytokine responses of spleen cells. To confirm whether immunization with M3-NcGRA7 induced the Th1 immune response, the production of Th1 (IFN-␥) and Th2 (IL-4) cytokines was measured following in vitro stimulation of spleen cells obtained from mice after the third immunization (Fig. 2) . The production of IFN-␥ was higher in the spleen cells of mice immunized with M3-NcGRA7 than in cells of animals immunized with NcGRA7 alone for stimulation with NLA or NcGRA7 (P Ͻ 0.005). Although IL-4 production was also detectable in the spleen cells of mice immunized with M3-NcGRA7, the amount of this cytokine was relatively low (Ͻ50 pg/ml) (data not shown). These results indicated that immunization with M3-NcGRA7 triggered parasite-and antigen-specific Th1 immune responses in mice.
Survival rates of offspring in vaccination trials. The numbers of offspring in two vaccination trials are summarized in Table 1 . No difference in the number of offspring was seen between the group receiving immunization with NcGRA7 alone or with M3-NcGRA7 and the group receiving PBS. These results indicate that immunization with M3-NcGRA7 has no effect on the birth rate. Next, the survival rates of offspring were examined for 30 days after birth ( Table 1 ). The survival rates for the groups immunized with M3-GST and NcGRA7 (18.6 and 12.0%, respectively) were similar to that for the group receiving PBS (17.5%). However, the survival rates were increased by vaccination with M3-NcGRA7 (68.6%; P Ͻ 0.01). For the groups receiving PBS, M3-GST, and NcGRA7 immunizations, mice succumbed to infection about 10 to 20 days after birth (Fig. 3) . The dying offspring showed clinical neosporosis, such as walking disorders, a rounded back, paralysis of the hind limbs, and hypoplasia, while animals surviving for more than 30 days after birth had no symptoms. These results showed that a combination of Man3-coated liposome and NcGRA7 protein induced protective efficacy to prevent neonatal mortality.
Detection of parasite DNA in the brains of dams. PCR detection allows for examination of tissue localization of N. caninum. Although N. caninum DNA was detected in the brains, lungs, livers, and spleens of BALB/c mice until 6 days after the infection, parasite DNA was found almost exclusively in the brain 10 and 26 days after the infection (35) . To confirm the existence of the parasite, we examined the brains of dams 40 days after the infection, using PCR. Immunization with M3-NcGRA7 inhibited the N. caninum burden in the brains of dams (33.3%), while the parasite was detected in all animals of the other groups (Table 2) (P Ͻ 0.01). For the group receiving M3-NcGRA7 immunization, the survival rates of offspring from dams with a negative N. caninum PCR (73.5%) were   FIG. 1. N. caninum-specific antibody responses of mice vaccinated with Man3-coated liposomes. Five mice per group were injected subcutaneously with PBS, NcGRA7t-GST in PBS (NcGRA7), NcGRA7t-GST entrapped within Man3-coated liposomes (M3-NcGRA7), or GST entrapped within Man3-coated liposomes (M3-GST) at days 0, 7, and 14. ELISA using NLA measured the parasite-specific IgG1 and IgG2a antibodies in sera. The values are expressed as optical densities at 415 nm. Each bar represents the mean Ϯ standard deviation (SD) for five mice per group. Results are representative of two independent experiments. * , statistically significant differences were observed between the two groups immunized with NcGRA7 and M3-NcGRA7 by Student's t test on the same day after immunization (P Ͻ 0.01).
FIG. 2.
Production of IFN-␥ from spleen cells. Three mice per group were injected subcutaneously with PBS, NcGRA7t-GST in PBS (NcGRA7), NcGRA7t-GST entrapped within Man3-coated liposomes (M3-NcGRA7), or GST entrapped within Man3-coated liposomes (M3-GST) at days 0, 7, and 14 and then sacrificed at day 21. Single-cell suspensions were prepared from the spleens of individual mice in the groups and cultured for 48 h in the presence of 50 g/ml NLA, 10 g/ml NcAMA1, or 10 g/ml NcGRA7 or without any stimulator (medium). Culture supernatants were assayed for IFN-␥ production by ELISA. Each bar represents the mean Ϯ SD for three mice per group.
Results are representative of two independent experiments. * , statistically significant differences were observed between the two groups immunized with NcGRA7 and M3-NcGRA7 by Student's t test on the same day of immunization (P Ͻ 0.01).
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on September 6, 2017 by guest http://cvi.asm.org/ higher than those of offspring from PCR-positive animals (58.8%), though there were no statistical differences (P ϭ 0.286 by 2 test). Thus, M3-NcGRA7-induced immune responses could control parasite infection in dams.
DISCUSSION
After apicomplexan parasites, including N. caninum, penetrate host cells, they establish a parasitophorous vacuole (PV) in the infected cells, and the protein contents of the parasite's dense granule organelles, named GRA proteins, are released into the PV (4). The GRA proteins are specially targeted to the PV membrane or the vacuolar space. NcGRA7, identified as a dense granule-associated protein in N. caninum (20, 26) , was also targeted to the PV membrane and found in the PV space (20) . In another apicomplexan parasite, Toxoplasma gondii, the host is immunologically exposed to the GRA proteins during infection because they are excreted from the infected cells or the infected cells rupture as a result of overwhelming parasite infection (15) . Consequently, the GRA proteins often function as immunodominant antigens, and the specific antibodies are detected in the sera of infected animals. In fact, antibody against NcGRA7 was also detected in naturally infected cows (22) .   FIG. 3 . Survival rates of offspring in trials 1 and 2. Female mice were immunized subcutaneously with NcGRA7t-GST entrapped within Man3-coated liposomes (M3-NcGRA7), GST entrapped within Man3-coated liposomes (M3-GST), NcGRA7t-GST in PBS (NcGRA7), or PBS. Booster immunizations were administered 7 and 14 days after the first immunization. Seven days after the third immunization, the mice were housed with males for 3 days. All pregnant dams were challenged on the same day with 1 ϫ 10 5 tachyzoites, at 6 to 9 days of gestation. Numbers of offspring were monitored for 30 days after birth. a Female mice were immunized subcutaneously with NcGRA7t-GST entrapped within Man3-coated liposomes (M3-NcGRA7), GST entrapped within Man3-coated liposomes (M3-GST), NcGRA7t-GST in PBS (NcGRA7), or PBS. Booster immunizations were administered 7 and 14 days after the first immunization. Seven days after the third immunization, the mice were housed with males for 3 days. All pregnant dams were challenged on the same day with 1 ϫ 10 5 Nc-1 tachyzoites, at 6 to 9 days of gestation. For the survival rates of offspring at 30 days after birth, statistical differences versus the PBS group were determined by 2 test ‫,ء(‬ P Ͻ 0.01). a Female mice were immunized subcutaneously with NcGRA7t-GST entrapped within Man3-coated liposomes (M3-NcGRA7), GST entrapped within Man3-coated liposomes (M3-GST), NcGRA7tGST in PBS (NcGRA7), or PBS. Booster immunizations were administered 7 and 14 days after the first immunization. Seven days after the third immunization, the mice were housed with males for 3 days. All pregnant dams were challenged on the same day with 1 ϫ 10 5 Nc-1 tachyzoites, at 6 to 9 days of gestation. DNAs were extracted from the brains of dams 40 days after infection and were then analyzed by PCR. Statistical differences versus the PBS group were determined by 2 test ‫,ء(‬ P Ͻ 0.01).
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In the present study, we demonstrated that subcutaneous immunization with M3-NcGRA7 induces a protective response against N. caninum infection in dams and that this achievement is caused by a strong induction of an NcGRA7-specific Th1 immune response. Induction of the Th1 immune response is the key event in the control of neosporosis (2, 42) . In the present study, the administration of NcGRA7 protein alone induced the production of antigen-specific humoral antibody. However, these mice could not control the subsequent infection in both dams and offspring. This result suggests that antiNcGRA7 IgG1 antibody does not contribute to protective immunity against N. caninum infection. In contrast, when the same amount of NcGRA7 was entrapped in Man3-coated liposomes, the immune response dramatically leaned toward a Th1-type immune response, as assessed by in vitro cytokine production, resulting in the effective control of parasite infection. Moreover, the higher level of parasite-specific IgG2a in the mice immunized with M3-NcGRA7 than in those immunized with NcGRA7 alone also demonstrated the induction of a Th1 immune response, as Th1 cells are known to induce IgG2a secretion (43) .
A previous study has shown that oligomannose-coated liposomes are preferentially incorporated into macrophages (41) . Since the macrophage mannose receptor (CD206) is known to be expressed mainly on macrophages (13), the action of oligomannose-coated liposomes is believed to be caused by their facilitation of antigen delivery to macrophages as a result of interaction between CD206 and oligomannose exposed on the liposomes. In addition, a recent study showed that specific ICAM-3-grabbing nonintegrin-related protein 1 (SIGNR1) and complement receptor type 3 (CR3) play a crucial role in the uptake of oligomannose-coated liposomes by macrophages (44) . Uptake of the antigen-entrapping oligomannose-coated liposomes by macrophages would have been an initial key event in the induction of the antigen-specific Th1 immune response. Because the activation of macrophages with IFN-␥ plays a crucial role in eliciting the N. caninum-specific Th1 response (34), administration of oligomannose-coated liposomeentrapped NcGRA7 induced protective immunity against subsequent infection.
Previous studies have shown that immune responses to NcGRA7 have a protective role in preventing the vertical transmission of N. caninum in a pregnant mouse model using plasmid DNA, as well as acute fatal infection of N. caninum in a gerbil model using a recombinant NcGRA7 protein expressed by E. coli (5, 24, 28) . In contrast, Brucella abortus vaccine strain RB51 expressing the NcGRA7 gene did not show any vaccine efficacy against cerebral infection with N. caninum (48) . These results suggest that suitable vaccine vehicles and/or adjuvants are necessary to induce protective immunity against N. caninum infection. In addition to these trials of recombinant vaccines, our group has demonstrated the induction of protective immunity by using a recombinant vaccinia virus expressing the NcSRS2 gene (35, 36) . Searching for suitable vaccine antigens and adjuvants to control neosporosis, other groups have also examined the effects of a microneme protein, NcMIC3, mixed with a Ribi adjuvant system (3); NcSRS2; a rhoptry protein, NcROP2, mixed with Freund's incomplete adjuvant (8, 18 ); NcSRS2 in ISCOMs, which are submicroscopic cage-like particles comprising the target antigen, the saponin Quil A, cholesterol, and phospholipids (37, 38) ; NcGRA7 plus CpG (24); and GRA1, GRA2, MIC10, and p24B in VSA3 (14) . In order to optimize dendritic cell processing, the NcSRS2 DNA vaccine was delivered with granulocyte-macrophage colony-stimulating factor and Flt3 ligand adjuvant. In addition, the synthesized NcSRS2 peptides were coupled with a palmitic acid molecule and delivered with Freund's adjuvant. Cattle vaccinated with the NcSRS2 DNA vaccine and boosted with NcSRS2 lipopeptide induced a Th1-type immune response against N. caninum antigen (1) . For the application of a vaccine for animal use, however, we must consider the pathogenicity and side effects of the recombinant vaccines and adjuvants. Since oligomannose-coated liposomes consist of innocuous materials distributed ubiquitously throughout the body and cause no damage to the skin at the injection site, they would be highly suitable for use as a safe adjuvant and vehicle in a vaccine (16) .
The present study indicated that immunization with oligomannose-coated, liposome-entrapped NcGRA7 could elicit a Th1 immune response against subsequent infection with N. caninum. Our previous study showed that parasite DNA was not detected in surviving pups with no clinical symptoms at 30 days after birth, while the rate of PCR-positive results was 84.3% for dead pups for 30 days after birth (36) . Therefore, our vaccination regimen could prevent N. caninum burdens in dams, resulting in a reduction of neonatal mortality by parasite vertical transmission. In conclusion, oligomannose-coated, liposome-entrapped NcGRA7 could be used as a novel effective vaccine to control the vertical transmission of neosporosis.
